We perform a simultaneous analysis of s-and p-waves of the S = −1 meson-baryon scattering amplitude using all low-energy experimental data. For the first time, differential cross section data are included for chiral unitary coupled-channel models. From this model s-and p-wave amplitudes are extracted and both well-known I(J P ) = 0(1/2 − ) s-wave states as well as a new state in the p-wave are observed. While the latter passed multiple statistical and phenomenological robustness tests, its existence is at odds with Quark Model predictions and recent Lattice results. Possible explanations are discussed in this work.
Introduction Strangeness plays an important role in various facets of strongly interacting matter. For example, the attractive interaction between antikaons and nucleons leads to the famous Λ(1405)-resonance as predicted in Ref. [1] . Nowaday this low-energy, S = −1 region is accessed by chiral unitary coupled-channel models [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , amplitude analyses [21] [22] [23] [24] [25] [26] , lattice QCD [27] [28] [29] [30] [31] , and quark models [32] [33] [34] , see, e.g., the reviews in Refs. [35, 36] . A similar mechanism can be responsible for the generation of K − pp bound states, being searched for by, e.g., FINUDA [37] . Furthermore, the equation of state of neutron stars is sensitive to the antikaon condensate [38, 39] and thus to the propagation of antikaons in nuclear medium. In the era of high-precision measurements of neutron star properties with LIGO [40] , this ultimately can lead to new interconnection between QCD and astrophysical observations.
At the core of all theoretical studies lies the antikaonnucleon scattering amplitude, which has to address the non-perturbative regime of QCD valid over a large energy range including the resonance region. Such a "twice nonperturbative" amplitude can neither rely on perturbative QCD nor its low-energy effective field theory. Thus, some model dependence has to be introduced, with the corresponding parameters being fitted to experimental data. In this work we use the model derived in a series of works [2, 41, 42] which to our knowledge is the only approach, which has the correct low-energy behavior, fulfills two-body unitarity and describes s-and p-waves simultaneously. This property is utilized to fit all available scattering and threshold data including (for the first time) differential cross sections, simultaneously, up to energies well below the d-wave Λ(1520)3/2 − resonance.
Model The entire database for meson-baryon scattering in the strangeness S = −1 sector comes from experiments with K − p in the initial state. In general, 10 combinations of ground state octet mesons and baryons have the same quantum numbers, i.e. S :
describe the dynamics of all coupled-channels simultaneously. Two-body unitarity constrains the form of such a scattering amplitude, incorporated exactly via the Bethe-
where p is the total and q 1/2 are the in-/outgoing meson four-momenta, while m/M denotes the mass of the baryon/meson in each channel, respectively. Different channels are related by SU(3) f symmetry and its breaking in the interaction kernel V and can be further restricted by demanding the correct energy-dependence around the corresponding thresholds. This requirement is addressed by taking the ChPT [43] local potential up to the nextto-leading chiral order
where A are matrices over the channel space that depend on the meson decay constants (fixed throughout this work together with meson and baryon masses to the physical values [36] ) and low-energy constants (LECs)
The latter are not known from ChPT and must be fitted to the experimental data. The present model corresponds to an infinite sub-set of all ChPT Feynman diagrams. Missing topologies yield in the fact that the regularization scale of the loop integration in Eq. (1) does not cancel. In other words, it parametrizes the missing Feynman topologies to some extent and is dealt with as free parameters of the model. Neglecting isospin breaking, there are six such parameters, called {a i |i = 1, .., 6} in the following for brevity. Previous analyses [3, 41, 42] have shown that off-shell terms explicitly contained in Eq. (1) have only minor effect and are dropped here as well. With this approximation the scattering amplitude is solved analytically and is Error bars on the model parameters are determined in a re-sampling procedure. Right: Prediction of resonance parameters found in a channel of given isospin (I) and total angular momentum (J = L± 1 /2) on the second Riemann sheet, including couplings to meson-baryon channels.
projected to physical observables [44] . To our knowledge this model is the only existing unitary coupled-channel model which contains explicit s-and p-wave interactions, derived from the low-energy behavior of QCD Green's functions.
Data and fits
The available data consist of: (a) Total cross sections [45] [46] [47] [48] for {K − p → S i |i = 1, .., 6} in the lab-momentum range of P lab < 300 MeV; (b) Differential cross sections [49] in the same momentum window for the K − p → K − p and K − p →K 0 n reactions; (c) Threshold decay ratios [50, 51] γ = 2.38 ± 0.04, R n = 0.189 ± 0.015, R c = 0.664 ± 0.011, and energy shift ∆E = 283 ± 42 eV and width Γ = 541 ± 110 eV of kaonic hydrogen measured in the SIDDHARTA [52] experiment and related [53] to the K − p complex-valued scattering length a K − p . Further experimental data, related indirectly to theKN scattering amplitude, require additional model assumptions and are not used in fits. A-posteriori checks to these data will be discussed below.
We employ a multi-step fitting routine to explore the parameter space as extensively as possible. First, we set all parameters b to zero, effectively reducing the chiral order of the driving term V of Eq. All model parameters are of natural size with 1σ-uncertainties determined in a re-sampling procedure. The quantity |Σ| shows the generalized variance that is proportional to the volume of the error ellipse of the 20-dimensional parameter space which can serve as a bulk measure of how well the data restrict the parameters. Exploring the covariance matrix, we have not found any obvious separation between various parameter groups.
The interaction kernel (2) contains explicit (linear) dependence on the (cosine of) scattering angle, and so does the solution of the dynamical coupled-channel equation (1). The best fit solution is projected to the s-and p-waves, denoted as in Ref. [44] by f I L± , indicating total angular momentum J = L ± 1 /2 and isospin I. This is -8. 
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n thresholds, and the dots over the plots represent the available data in the respective channel from top to bottom. depicted in Fig. 1 including 1σ error bands up to energies covered by the considered data base (see dots above Fig. 1 ). Around theKN threshold the dominant contribution is due to the s-wave amplitudes with a clear resonant behavior in the sub-threshold region in the isoscalar channel.
To identify the resonance parameters the amplitudes f Fig. 2 . Note that all these models are purely s-wave approaches, and do not include the differential cross section data (b) that bears information on the partial-wave content. This is in line with the observation that, while there is a good agreement on the parameters of both poles in the s-wave with these models, the new p-wave state has not been found in any previous analyses.
Stability of results The predictions for the both poles of the Λ(1405)1/2 − are well in agreement with other modern approaches [2, 11, 13] . The new p-wave Σ(1380)1/2 + -resonance has similar mass, width, and branching ratios as the decuplet Σ(1385)3/2 + but different total angular momentum and is not listed in the PDG [36] . Before discussing the possible origin of this spurious state we perform several statistical and phenomenological tests to confirm its existence within the present model. First: The πΣ-invariant mass distribution [54] from the reaction K − p → Σ(1660) + π − → ((πΣ)π + )π − can be used for an a-posteriori test of the obtained solution. For this and following Ref. [19] we assume energy-independent production and decay vertices of the Σ(1660)1/2 + . Fitting the associated constants, while not altering the meson-baryon scattering amplitude in the final state, we obtain a good fit with χ 2 pp = 0.89. The result is shown in Fig. 6a in the Appendix. Second: A similar test of our scattering amplitude can be performed using the πΣ-invariant mass distributions [55] of the reactions γp → K + (πΣ) recently measured with CLAS at Jefferson Lab. Following Refs. [2, 56] we obtain a good fit of the data with χ 
Minimizing this function at λ = 0 and including data (a,b,c) we obtain back our previous result. Subsequently increasing the value of λ and re-fitting, the curvature of the amplitude between the πΣ andKN thresholds decreases forcing the p-wave resonance to disappear into the complex plane as shown in Fig. 6b . The figure also reveals that the description of the threshold data (c) deteriorates most visibly as the pole disappears. Of course, this is not directly due to the disappearance of the pole, but related to it through parameters b i and a i .
We call the minimum λ at which the p-wave resonance is no longer visible on the amplitude at the real axis λ crit . The difference in quality of the fit of the data when λ = 0 (our best fit) with the fit of the data at λ crit measures the stability of the resonance. The likelihood ratio of the fit at λ = λ crit to the fit at λ = 0 is 4.3 × 10 −28 which shows that the data description indeed deteriorates significantly in the absence of the resonance. In particular, the prediction of kaonic hydrogen data [52] is more than 2 standard deviations away from the experimental value at λ crit .
Interpretation As discussed in the previous section, the available experimental data require the presence of a new 1(1/2 + ) resonance, analyzed in the present model. Notably, this model contains only s-and p-waves with J = 1/2, which explains the missing sub-threshold decuplet Σ(1385)3/2 + . In particular, the slope of the differential cross section indicates the size of the p-wave contribution (Fig. 4) but is blind to the total angular momentum. As a test, we have interchanged the amplitudes f + but also very similar branching ratios into πΛ andKN [36] . Thus, from a phenomenological point of view, the fit has generated the decuplet Σ, but with the wrong total angular momentum. Note also that no low-lying 1(1/2 + ) state except for the ground-state Σ is found in lattice QCD calculations [29] [30] [31] . A possible way to clarify the role of p-wave resonances is to include the Σ(1385)3/2 + as an explicit resonance state.
Conclusion For the first time the available lowenergy differential cross section data have been included in a chiral unitary coupled-channel model with s-and p-waves. Parameters of both Λ(1405)1/2 − poles are determined in this approach with improved stability. Additionally, and confirmed by multiple (statistical and phenomenological) tests, the data seem to require the existence of a p-wave pole but is otherwise insensitive to the total angular momentum. Thus, the p-wave pole is predicted in the only available p-wave with J P = 1/2 + . Further understanding of this novel but spurious pole can be gained when explicitly including the p-wave decuplet Σ(1385)3/2 + in the model or when data sensitive to the total angular momentum are available. 
Total cross sections [45, 46, 48, 51 ] fitted by the model described in the main part of the manuscript. Error bands represent the 1σ uncertainty determined in a re-sampling procedure. 
FIG. 4: Differential cross sections [49] fitted by the model described in the main part of the manuscript. Error bands represent 1σ uncertainty determined in a re-sampling procedure.
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3. [55] . The model for the reaction is taken from Ref. [2] , where only generic couplings γp → K + S are fitted to the data at each measured total energy W tot . The meson-baryon scattering amplitude in the final state is taken from the fit to the scattering data. Only the best fits are shown. arbitrary units (6a) Fit of the generic couplings K − p → Σ(1660)π − and Σ(1660) → (πΣ)π + to the invariant mass distribution [54] in arbitrary units. The final state interaction is taken from the best fit to the scattering data as described in the main part of the manuscript. Only the best fit is shown. 
